The advance in combinatorial chemistry has resulted in the development of solid-supported reagents that can be applied to automated synthesis of a target molecule. As a result, many useful reagents that are well established in the field of solution-phase chemistry have been applied to immobilized reagents. [1] [2] [3] [4] [5] [6] [7] [8] [9] There have been some recent reports on the preparation of immobilized reagents for dehydrocondensation.
The advance in combinatorial chemistry has resulted in the development of solid-supported reagents that can be applied to automated synthesis of a target molecule. As a result, many useful reagents that are well established in the field of solution-phase chemistry have been applied to immobilized reagents. [1] [2] [3] [4] [5] [6] [7] [8] [9] There have been some recent reports on the preparation of immobilized reagents for dehydrocondensation. [10] [11] [12] [13] [14] [15] [16] [17] [18] However, since most of these reagents are immobilized by connecting dehydrocondensing reagents to insoluble carriers such as polystyrene and silica gel, they would be prepared by inefficient chemical transformation on the insoluble carrier under heterogeneous conditions. In addition, the weight proportion of the solid carrier relative to the amount of solidsupported reagent is generally high, which inevitably results in the generation of large amounts of waste; this is a serious problem common to solid-supported reagents. To resolve this issue, we developed a new immobilized triazine-type dehydrocondensing reagent by polymerizing the dehydrocondensing reagent itself. 19) This polymer reagent is based on the condensing agent, 4,6-dimethoxy-1,3,5-triazinyl-2-methylmorpholinium chloride (DMT-MM) [20] [21] [22] [23] [24] [25] [26] and is a crosslinked polymer prepared by co-polymerizing tetra(ethylene glycol) bis(4-chloro-6-methoxy-1,3,5-triazin-2-yl) ether and tris(2-aminoethyl)amine, which is easily substituted onto the triazine ring under weakly basic conditions.
In this work, we developed another application for polymer-type triazine condensing reagents: immobilization by well-established ROMP (ring opening metathesis polymerization) method, in which the reaction proceeds rapidly and with high yield under mild neutral conditions. The dramatically expanded ROMP methodology, based on the work of Grubbs et al. in the 1990s, has been developed as an effective method for acquiring high-loading polymer reagents by polymerizing the reagent unit as a monomer. [27] [28] [29] [30] [31] Barrett et al. actively developed ROMP-gel supported reagents using this methodology, and reported many excellent immobilized reagents. 4, 9, [32] [33] [34] These reagents have several advantages in addition to high-loading, e.g., high tolerance of the methathesis catalysts for diverse functionalities, and readily available monomers from inexpensive precursors. Recently, ROMP supported coupling reagents carrying fluoroformamidinium or 2-bromopyridinium were also reported. 11) In this case, however, preparation of the monomers, which requires operation of 3-4 steps, seems not to be very easy.
Our monomer 1a was readily prepared by reacting cyanuric chloride consecutively with 5-norbornene-2-methanol and MeOH (Chart 1). A CH 2 Cl 2 solution of the resulting monomer and cross-linker 2 35) in a mixing ratio of p : q, as shown in Table 1 , was allowed to react in the presence of 0.1 mol% Grubbs' catalyst 3 to produce four kinds of polymer with cross-linking percentages of 10, 30, 50 and 100%. The polymer reagents exhibited condensation activity when treated with N-methylmorpholine (NMM). The activated structure can be thought of that as shown in Fig. 1 . Free chloride ion derived from chlorotriazine was titrated to allow determination of the average molecular weight per active unit (Table 1) . 19) Polymers with cross-linking at 50% or less were found to show higher loading than that with 100% cross-linking. A coupling reaction between phenylpropionic acid 5 and phenethylamine 6 was conducted using each polymer (2 eq) in various solvents (Table 2) .
36) The use of CH 2 Cl 2 and THF resulted in production of the amide in high yield, while the use of MeOH resulted in a slightly lower yield. Disappointingly, only small amounts of amide were obtained in water. The observed solvent effect may be correlated to the extent of polymer swelling; no swelling occurs in water (Table 3) . ROMP-Trz 10 -Cl and Trz 30 -Cl, which are cross-linked to a lesser extent than ROMP-Trz 50 -Cl, became sticky when swollen in CH 2 Cl 2 , and the gel particles tended to aggregate during shaking and thus clogged the filter, so general filtering could not be used. We employed ROMP-Trz 50 -Cl, which has a lower average molecular weight than Trz 100 -Cl (Table 1) , in this study.
Coupling reactions between several kinds of carboxylic acids and amines were conducted using ROMP-Trz 50 -Cl in CH 2 Cl 2 or MeOH ( Table 4 ). The reaction can be performed by a very simple procedure, mixing a carboxylic acid, an amine, and NMM together with the polymer. After completion of the reaction, NMM and amine remaining in the filtrate were easily removed by extraction using Merck Extrelut ® . Amides were generally obtained in good yield in CH 2 Cl 2 . A lower yield was obtained for 3,5-di-t-butylbenzoic acid (run 7), probably because diffusion of the bulky carboxylic acid inside the polymer was hindered, and thus decomposition of the reagent by elimination of CH 3 Cl from the activated triazino moiety (ROMP-Trz-MM) might compete. a) The swelling ratios were represented by the ratio of increased volume of the polymer by swelling to the initial volume of dried polymer. high dehydrocondensing ability in water or MeOH. 23 ) These solvents are not only inexpensive and eco-friendly, but can also suppress the aforementioned decomposition of the reagent by solvation; thus, these solvents are the preferred media in which to conduct the reaction. As mentioned above, the observed yields for amide-formation using ROMP-Trz 50 -Cl in MeOH and water were moderate and poor, respectively. This was probably due to the lower hydrophilicity of the polymer, which resulted in its low swelling ratio.
In order to enhance the affinity of the polymer for protic solvents, we attempted to introduce hydroxyl groups to the polymer chain by using monomer 1b instead of 1a (Chart 2). The swelling ratio of the resulting polymer ROMP(OH)-Trz 50 -Cl, in CH 2 Cl 2 and THF decreased compared to that of ROMP-Trz 50 -Cl, but tripled in MeOH (Table 3) , and the yield of the dehydrocondensation between phenylpropionic acid and phenethylamine in MeOH was improved. As shown in Table 4 , the yield of amides in MeOH increased for all substrates, including 3,5-di-t-butylbenzoic acid, which had a low yield with ROMP-Trz 50 -Cl (run 7). N-Acetylation of phenylalanine methyl ester hydrochloride proceeded effectively using sodium acetate, which is more practical than acetyl chloride or acetic anhydride (run 8). Reaction of BocLeu-OH and H-Phe-OMe gave the corresponding dipeptide in 98% yield with a slight epimerization (1.3% 37) ; run 9). Unfortunately, ROMP(OH)-Trz 50 -Cl did not show swelling in water, either, so the yield of amide in this solvent was not improved.
In conclusion, we have succeeded in developing new triazine-type polymers ROMP-Trz 50 -Cl and ROMP(OH)-Trz 50 -Cl, synthesized by the ROMP methodology, as immobilized dehydrocondensing reagents. These reagents work efficiently and can be prepared relatively at low cost. High-loading immobilization by ROMP results in the development of polymers with lower average molecular weights in comparison with conventional solid-supported condensing reagents, therefore, the waste arising from the immobilized reagent can be reduced. Since these ROMP-Trz-Cl reagents, especially ROMP(OH)-Trz 50 -Cl, can be utilized in MeOH, they can also be applied to the substrates which are difficult to dissolve in the less polar solvents. Several types of norbornene derivatives, which contain alcohol, aldehyde, and amine functional groups, are available, so additional structural modification should be relatively easy to achieve. Further studies with the aim of improving the hydrophilicity of the polymers as well as recycling the reagents according to our method for regeneration of 4-chloro-2,6-dimethoxy-1,3,5-triazine (CDMT) 38) are currently underway.
Experimental
Dry THF and CH 2 Cl 2 were distilled in the usual manner. 2,4-Dichloro-6-methoxy-1,3,5-triazine was prepared by modification of reported procedure. 39) Other chemicals and solvents were obtained from commercial sources and used without further purification. IR spectra were measured on a Nicolet FT-IR AVATAR 360 spectrometer. 1 H-NMR spectra were taken on a Bruker DPX-400 spectrometer. ESI-MS and EI-MS spectra were recorded on a Waters Micromass ZQ 2000 spectrometer and JEOL JMS-700 spectrometer, respectively.
Preparation of 5-(4-Chloro-6-methoxy-1,3,5-triazin-2-yloxymethyl)-norbornene (1a)
Cyanuric chloride (21.57 g, 117.0 mmol) was added to a mixture of 5-norbornene-2-methanol (7.26 g, 58.5 mmol) and diisopropylethylamine (9.07 g, 70.2 mmol) in dry THF (64.5 ml) at 0°C under N 2 atmosphere. After stirring for 12 h at rt, Et 2 O (150 ml) was added, and the mixture was filtered and evaporated. The residue was subjected to chromatography (hexane : AcOEtϭ93 : 7) to give a mixture of 5-(4,6-dichloro-1,3,5-triazin-2-yloxymethyl)norbornene and by-products derived from cyanuric chloride. The product mixture was dissolved in MeOH (100 ml) containing 10% water, and NaHCO 3 (9.83 g, 117.0 mmol) was added. After stirring for 6 h at 35°C, almost all of the MeOH was removed by evaporation. Celite ® , MgSO 4 and CH 2 Cl 2 (100 ml) were added to the residue, and the mixture was filtered through Celite ® and evaporated. The residue was purified by column chromatography (hexane : AcOEtϭ9 : 1) to give the title compound (11.45 g, 73%, endo and exo (1.8 : 1) mixture) as a colorless oil. 4 mmol) at 0°C. After stirring for 30 min at rt, the mixture was heated at 40°C for 16 h. The resulting solution was poured into water (100 ml) and extracted with AcOEt (100 ml). The organic layer was evaporated, and the residual oil was immediately subjected to column chromatography to give the title compound (4.1 g, 43%) as a colorless solid. mp: 109-110°C (dec.). (1.53 g, 9.64 mmol) in dry CH 2 Cl 2 (96 ml) was added a solution of Grubbs' catalyst 3 (15.9 mg, 0.019 mmol) in CH 2 Cl 2 (1 ml) at rt. Gelation occurred within a few minutes. The gel was allowed to stand for 12 h to complete the reaction. Ethyl vinyl ether (1 ml) and CH 2 Cl 2 (100 ml) were added, and the gel was crushed to small pieces (ca. 2-3 mm). After stirring for 12 h, the polymer was passed through a sieve (250 mm) and washed repeatedly with CH 2 Cl 2 and Et 2 O, and dried under reduced pressure to give ROMP-Trz 50 -Cl (5.69 g, 85%, 2.30 meq/g) as colorless powder. Amount of chloride loaded on the polymer was determined according to our procedure previously described. 19 General Procedure for Amide Formation. N-Phenethyl-3-phenylpropanamide A solution of phenylpropionic acid (15.0 mg, 0.10 mmol), phenethylamine (13.3 mg, 0.11 mmol), and N-methylmorpholine (30.3 mg, 0.30 mmol) in CH 2 Cl 2 (2.0 ml) was added to ROMP-Trz 50 -Cl (87.2 mg, 0.20 mmol). After shaken for 24 h at rt, Et 2 O (ca. 10 ml) was added in order to shrink the polymer, and then, the reaction mixture was filtered. The polymer was rinsed twice with AcOEt (5 ml), and the washings and filtrates were combined. The resulting solution was poured into the Merk Extrelut ® NT20 column containing 0.01 M HCl (10 ml). The column was eluted with AcOEt (100 ml), and the filtrate was evaporated to give N-phenethyl-3-phenylpropanamide (25.0 mg, 99% 
